Despite the increasing popularity of 3D printing, also known as additive manufacturing (AM), the technique has not developed beyond the realm of rapid prototyping. This confinement of the field can be attributed to the inherent flaws of layer-by-layer printing and, in particular, anisotropic mechanical properties that depend on print direction, visible by the staircasing surface finish effect. Continuous liquid interface production (CLIP) is an alternative approach to AM that capitalizes on the fundamental principle of oxygen-inhibited photopolymerization to generate a continual liquid interface of uncured resin between the growing part and the exposure window. This interface eliminates the necessity of an iterative layer-by-layer process, allowing for continuous production. Herein we report the advantages of continuous production, specifically the fabrication of layerless parts. These advantages enable the fabrication of large overhangs without the use of supports, reduction of the staircasing effect without compromising fabrication time, and isotropic mechanical properties. Combined, these advantages result in multiple indicators of layerless and monolithic fabrication using CLIP technology.
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stereolithogaphy | continuous liquid interface production | 3D printing | additive manufacturing | isotropic properties Additive manufacturing (AM), or 3D printing, is a growing field that employs the selective layering of material to build a part, which has distinct advantages compared with subtractive manufacturing (1). The benefits of additive over subtractive manufacturing are numerous and include unlimited design space, freedom of complex geometries, and reduction of waste by-products (2). Significant advancements were made to AM in the 1980s with the development of the stereolithography (SL) apparatus, a platform that uses the exposure of a rastering UV laser to selectively solidify a resin through a photopolymerization process in a top-down manner (3). The method has since been modified to solidify in a bottom-up process through the use of a digital light projection (DLP) chip that eliminates the rastering laser. The process of bottomup SL begins with a computer-aided design (CAD) file that is then converted into a series of 2D renderings using a method called "slicing" (Fig. 1A ). The original object is then reconstructed in a layer-by-layer manner by reproducing these 2D renderings, one slice at a time. This process is done iteratively whereby a photoactive resin is selectively exposed to UV light through a transparent substrate, allowing for selective photopolymerization corresponding to a specific slice shape (4) . Once the slice has been exposed, a series of mechanical steps of separation, recoating, and repositioning follow (Fig.  1B) to allow for subsequent exposure.
The polymeric materials used in the SL process are known to have intrinsic properties that are a function of the chemical structure, molecular weight, and topology (3). Printed part properties differ from intrinsic polymeric properties because they are a result of both the material and the process used to produce the part. These differences are important with respect to the production of fibers and films made from thermoplastics, where morphology and anisotropy can be imparted as a function of the process (5, 6) . The physical properties of thermosets are complicated further because the polymer structure, molecular weight between cross-links, and topology are formed during the processing of the part, and thus intrinsic properties and the part properties are inextricably entwined. Although the SL platform has proved useful in the biomedical (7-10) and microfluidic fields (11-13), significant challenges are innate to this layer-by-layer approach. These challenges include limited materials and material properties, dimensional accuracy, shape and part orientation optimization, slicing, and speed (14) (15) (16) .
A specific challenge regarding SL is the anisotropic bulk mechanical properties in the direction of the axis of printing when using acrylate-based resin systems (17) and the staircasing effect on curved or angled surfaces (Fig. 1A) (18) (19) (20) (21) (22) . The magnitude of this staircasing effect is dictated by the thickness of the process slice and results in a nonideal loss of part resolution (23) . Existing AM platforms produce this staircasing effect on the surface of the fabricated part, regardless of orientation; however, it is most profoundly noticed on sloped features. This effect can be countered by reduction of the slice thickness in the 2D rendering and implemented by either finely slicing the part throughout or using a technique called adaptive slicing, which enables a user to select regions for thinner slicing (24) . These methods, however, result in a significantly increased build time given the number of mechanical resin renewal steps between each layer exposure. Some epoxy-based resin systems also represent an alternative to overcoming anisotropic mechanical properties (25, 26) ; however, the kinetics are not completely "switch-like" in the presence of UV light because the polymer will continue to react even after UV exposure is terminated (27) . Because of this residual reactivity, material properties are often dependent on slice thickness, where thinner slicing allows for more interlayer cohesion to occur (28) . Therefore, the layer-bylayer approach has an intrinsic trade-off between part quality and part build time. It can be concluded that the primary cause for the limitation of the SL platform and AM technologies within the field of rapid manufacturing can be attributed to the layer-by-layer approach.
Recently, continuous liquid interface production (CLIP) was introduced to circumvent these inherent obstacles and expand the adoption of AM (29) . CLIP relies on the inhibition of free radical photopolymerization in the presence of atmospheric oxygen. Oxygen can quench either the excited-state photoinitiator or Traditional SL requires five fundamental steps to print a part: build elevator placement on resin (i), UV exposure to selectively cure resin (ii), separation of cured resin from the O 2 -impermeable window (iii), mechanical recoating of resin (iv), and, finally, repositioning of the build elevator (v) to repeat the process until the part is fully printed. CLIP uses a constant liquid interface enabled by the O 2 -permeable window, which eliminates the need for steps (ii, iii, and iv). (C) Schematic of the dead zone (DZ) produced by the presence of oxygen and the generation of free radicals upon UV exposure. Within the DZ there exists a concentration gradient of O 2 whereas within the bulk there exist gradient light intensity and, to some degree, conversion before vitrification (34) .
form a peroxide upon interaction with a free radical of a propagating chain (Eqs. S1-S5) (30) (31) (32) (33) (34) . Therefore, performing SL on an oxygen-permeable build window results in the formation of a dead zone, or a region of uncured liquid resin (29) . Polymerization and solidification is achieved once the O 2 has been depleted such that the kinetics of propagation (k p [monomer] ) are in competitive balance with the kinetics of radical generation and subsequent O 2 inhibition (k i [O 2 ]) (34, 35) . The dead zone, present throughout the fabrication process, represents the uncured liquid layer between the growing part and the window and is the defining difference between CLIP and traditional SL (Fig. 1B) . As shown in Fig. 1C , the presence of the dead zone allows for part production, resin renewal, and build elevator movement to occur simultaneously, as opposed to the discrete steps of SL. This mechanism eliminates the traditional resolution and fabrication speed trade-off because of the continuity of the fabrication process. At the molecular level, the kinetic competition between oxygen inhibition and free radical generation, once reached, is maintained throughout the fabrication of the part (34) . Conversely, in traditional SL all reactions are confined to the solidification of a single layer, which occurs over and over throughout the printing. Herein, we demonstrate that the CLIP method of part fabrication leads to monolithic production resulting in isotropic mechanical properties and enables reduction of the staircasing effect without affecting the overall build time.
Discussion
The field of AM has incorporated several benchmark structures to evaluate the performance of different platforms that vary depending on the aspect of the platform being probed (36) . The open book benchmark was designed to evaluate a platform's ability to print large overhangs at different angles with or without supports, alluding to the mechanical integrity of the final part (37) . The open book benchmark was adapted for the CLIP platform and fabricated with changing input slice thickness to isolate and minimize the observed staircasing effect. Because of the continuous nature of the resin renewal mechanism for CLIP, parts with different slice thicknesses (100, 20, and 0.4 μm) were fabricated with the same build speed of 40 mm/h and yielded the same build time. By decreasing the slice thickness, the smooth slope feature of the open book could be better approximated, thus enabling the reduction of the staircasing effect, illustrated in Fig. 2 , independent of the traditional trade-off with build time. Because the formation of the dead zone is kinetically driven, parameter optimization of light intensity, build speed, and weight percent UV absorber was necessary. Briefly, the cure thickness of the resin was calculated under static conditions using methods outlined in Tumbleston et al. (29) to yield initial fabrication parameters. However, because the CLIP process is dynamic, adjustments were necessary to properly maintain the dead zone throughout the fabrication process (Supporting Information and Fig. S1 ). The resulting surface topology therefore is imparted solely by the treatment of the CAD file, rather than the fabrication process itself. Furthermore, the sloped "pages" of the open book are freely extending in space and are fabricated without supports, partly aided by the bottom-up build approach. Conventional AM approaches either lack chemical cohesion between layers or impart a mechanical strain on the part in the separation step, thus preventing the fabrication of large overhangs without additional aids in the form of supports (37, 38) . The continuity of fabrication enabled by CLIP allows for the reduction of the staircasing effect without affecting build time and results in a part with the mechanical integrity to support large overhangs.
Two "pages" of the open book were evaluated using optical laser scanning (OLS) noncontact profilometer imaging, shown in Fig. 3 , to quantify the change in surface topology with respect to changing slicing parameters. Two parameters of surface roughness were used: arithmetical mean deviation (R a ) and mean length (R Sm ). The orientation of the slicing direction relative to the analysis direction indicates that the R Sm parameter yields a frequency of length measurement and thus the distance between steps, whereas the R a parameter denotes a mean depth of the steps. Illustrations of the two parameters as they apply to the 20°open book page are shown in Fig. 4A . The R a parameter was measured for both the 90°and 20°pages to determine the effect of slice thickness on surface topology. For the part to be monolithic, the R a of the 90°page surface should be independent of slicing, given that the exposure frame remains unchanged throughout its fabrication, illustrated in Fig. 4B . As shown in Table 1 , R a remains constant for the 90°page yet scales with input slice thickness for the 20°page, supporting the claim of layerless fabrication.
To quantitatively validate the causal relationship between slice thickness and observed staircasing effect, the observed step height was determined. Previous work has explored the measurement of step height using only the R a parameter (39-41). These measurements are not suited for comparing a large range of slice thickness given the necessity to control the number of sampling points. An alternative method for determining experimental step height was developed using the R Sm parameter obtained through OLS noncontact profilometry. The changing effective slicing height, imparted by the changing angle of the open book, was corrected for using Eq. 1 to calculate the experimental step height, as shown in Table 1 . This step height scales with the input slicing conditions and the mean deviation from theoretical is representative of the Z accuracy of the printer configuration. It can therefore be concluded that the observed staircasing effect is solely dependent on the input slice thickness.
Experimental
Step Height = cosð70Þ × R Sm [1]
To ensure that the measured surface topology was due to the printed part and not the residual monomer, the soluble fraction was removed. Results from gel fraction determination, shown in Fig. S4 , indicate that changing slicing condition yields no significant change in the gel fraction of the open book, and thus the polymer cross-linking of the part is unaffected by CAD file processing. The roughness was evaluated both before and after soluble fraction removal to determine the true surface topology. Roughness data after soluble fraction removal are reported in Table 1 . Therefore, it can be concluded that observed "layering" in CLIP is solely imparted The theoretical surface topological effects imparted by a layer-by-layer (SL) and a layerless (CLIP) fabrication approaches. The 20°for both approaches should theoretically yield similar surface effects. Therefore, the 90°page is the defining feature between layered and layerless fabrication due to its respective dependence and independence on input slice thickness. Open book benchmark pages were evaluated for surface topology using OLS noncontact profilometry as a function of slice thickness following gel fraction removal. Each measurement represents n = 3 benchmarks with n = 6 measurements per imaging length. The experimental step height was calculated for the 20°page and accounts for the effective slicing due to the changing page angle. Propagation of error was accounted for in the experimental step height determination and includes uncertainties pertaining to R Sm measurements and CLIP fabrication accuracy at inclines (Supporting Information and Figs. S2 and S3) . by the slice thickness and represents a purely surface topological effect rather than interfacial separations within the bulk of the part.
The mechanical properties of CLIP fabricated parts were investigated using the optimized printing parameters to explore bulk properties as a function of slice thickness and build orientation. A theoretical indicator of layerless fabrication is azimuthal independence of tensile strength and Young's modulus. This independence indicates the absence of an inherently weak axis imparted in the build direction. Both acrylate and epoxy-based SL resin systems demonstrate mechanical properties as a function of slice layer thickness (28) . To provide further evidence of layerless fabrication, mechanical tests were conducted using ASTM type V dog bones printed on the three primary azimuths (Fig. 5 ). Tests were conducted in accordance to ASTM D638 and dog bones were fabricated with both changing azimuth and changing input slice thickness. The resulting tensile strengths and Young's moduli show no statistical difference within slice thickness or orientation. This serves as further evidence that CLIP parts are layerless and monolithic in structure. It should be noted that the resin system (trimethylolpropane triacrylate, TMPTA) used was chosen because it is a highly reactive acrylate-based system and therefore would serve as an appropriate probe of the CLIP mechanism. Typically, TMPTA functions as a cross-linking agent in resin formulation and is therefore typically only used in relatively low weight percent amounts (42) . Therefore, the authors were unable to find evidence of similar studies in existing literature to confirm bulk mechanical properties of the resin formulation used or to serve as comparison with other AM platforms.
In summary, CLIP uses oxygen inhibition to enable continuous fabrication that yields truly layerless parts. These parts have improved surface finish without sacrificing build time as well as isotropic mechanical properties enabling fabrication of large overhangs, as in the case of the open book benchmark. The ability to additively manufacture parts that are layerless and monolithic using CLIP is a key step for AM to move out of the realm of rapid prototyping and into manufacturing. This paradigm shift is due to both the fast production times imparted by the continuity of the CLIP printing process as well as the final part quality both in terms of isotropic mechanical properties and smooth, layerless surface finish.
Materials and Methods
Resin Formulation. Resin reagents obtained through Sigma Aldrich were TMPTA, diphenyl(2,4,6trimethylbenzoyl)phosphine oxide (DPO), and 2-(3′-tertbutyl-2′-hydroxy-5′-methylphenyl)-5-chlorobenzotriazole (BLS1326). The base resin was formulated using TMPTA + 1.0 wt % DPO and then modified by addition of 0.03 wt % UV absorber (BLS1326) to tune the cure depth.
Part Fabrication Parameters. CAD files encoding "open book" parts were designed in SolidWorks to contain overhangs at 20, 30, 40, 50, 60, 70, 80, and 90°w ith dimensions of 3.5-× 5.0-× 1.0-mm base with 0.25-× 2.50-× 20-mm "pages." The resulting file was sliced for a 2D file output (.SVG) using parameters of 100-, 20-, and 0.4-μm slicing. Parts were produced continuously using 4.25 mW/cm 2 light intensity at 370-nm LED peak wavelength. The resin formulation used was TMPTA:DPO:BLS1326 99.27:0.72:0.01 mol % by acrylate functional group (TMPTA + 1.0 wt % DPO + 0.03 wt % BLS1326). Open book parts were produced at a speed of 40 mm/h with a total production time of 30.2 min. Dog bones were produced to conform to ASTM D638 guidelines for the type V parameters. The CAD file was generated in SolidWorks in the X orientation and then modified in B9Creator to obtain the Y and Z orientations. A total of 81 dog bones were produced to encompass the X, Y, and Z orientations with slice thickness of 100, 20, and 1 μm in triplicate with nine replicates for each condition. Both open book benchmarks and dog bones were fabricated on CLIP technology supplied by Carbon, Inc. Light intensity was measured using a Dymax AccuCal by Dymax Corporation at 3-mm aperture in light intensity mode.
Environmental Scanning Electron Microscope Imaging. An environmental scanning electron microscope (ESEM) with an FEI Quanta 200 field emission gun was used to obtain micrographs of the printed parts sputter coated with 1.2 nm of Au/Pt. Imaging was carried out in high vacuum mode with appropriate magnification.
Surface Roughness Analysis. Scanning laser images and surface roughness analysis was obtained using an Olympus LEXT OSL4000. Open book benchmarks with slice thicknesses of 100, 20, and 0.4 μm were analyzed for surface roughness both before and after soluble fraction removal. The 90°and 20°p ages of the benchmark were removed from the base and scanned along the slope. The scanning parameters were validated by comparing fast and fine mode scanning. It was determined that the optimal scanning parameters were XYZ fast scan with a 20× objective using 1 × 5 stitch encompassing a 2,376-× 646-μm 2 area. The image obtained was treated with a "tilt" noise correction to counter the inherent slope of the open book page. A total of six line roughness measurements were obtained per sample and the R a and R sm were quantified.
Mechanical Testing. ASTM type V dog bones were measured with a micrometer for total length, length of neck, thickness, and width before mechanical testing (Table S1 ). Mechanical testing was conducted using an Instron 5566 with a cross-head speed of 1 mm/min at 25°C to achieve the break at roughly 60 s, which is in accordance to the 30 s-5 min outlined in ASTM D638. Tensile strength was calculated using the maximum load of the stress/strain curve. Young's modulus was calculated using the linear portion of the stress/strain curve.
